Indocyanine green 1 (ICG) is a tricarbocyanine dye (Figure 1 ) which has been used in the indicator dilution technique for measuring cardiac output (1, 2). Animal studies (3) and preliminary observations of human subjects (4, 5) have suggested that this dye may have characteristics that could make its uptake, storage, and excretion by the liver helpful indices of hepatic function. The present investigations were carried out to determine whether indocyanine green has properties that may render it suitable for assessing liver function and hepatic blood flow in man.
Indocyanine green 1 (ICG) is a tricarbocyanine dye ( Figure 1 ) which has been used in the indicator dilution technique for measuring cardiac output (1, 2) . Animal studies (3) and preliminary observations of human subjects (4, 5) have suggested that this dye may have characteristics that could make its uptake, storage, and excretion by the liver helpful indices of hepatic function. The present investigations were carried out to determine whether indocyanine green has properties that may render it suitable for assessing liver function and hepatic blood flow in man. METHODS 12 minute period. Radioactivity was counted in a scintillation well counter. Dye concentration in each sample was plotted on semilogarithmic paper. Extrapolation of the exponential portion of the decay curve back to zero time permitted calculation of initial volume of dye distribution. The radioactivity in samples taken 5 minutes after injection was employed to estimate the volume of distribution of labeled albumin.
Absorption spectra of ICG in a 5 per cent solution of human serum albumin, in normal human plasma, and in distilled water alone, were plotted, using spectrophotometer readings made between 635 and 900 mA. Starch block electrophoresis was carried out on four 0.5 ml samples of normal human plasma to which ICG had been added in a concentration of 0.25 mg per 100 ml. The block was poured with reagent grade soluble starch which had been washed 4 times with Tris-maleic buffer, pH 8.6. Electrophoresis was continued for 20 hours at 7°C. Whatman no. 3 filter paper was then applied to the surface of the block. When dry, the paper was stained with bromphenol blue and decolorized with water. The starch block was cut into segments corresponding to the location of protein bands on the filter paper. Protein-dye complex was eluted from the starch into Tris-maleic buffer, pH 8.6.
Ascending chromatography of bile which had been obtained from T-tube drainage of a patient and which 
where R is the total ICG removal rate in milligrams per minute, P is the concentration of ICG in peripheral arterial blood in milligrams per liter, H is the concentration of ICG in hepatic venous blood in milligrams per liter, and HCT is the peripheral venous hematocrit.
Total ICG removal rate (R) was taken as equal to the infusion rate in milligrams per minute during periods when peripheral dye concentration was constant (7) .
RESULTS
Physical properties. Initial volume of distribution of indocyanine green, calculated from plasma dye decay curves, and the volume of distribution of radioiodinated albumin at 5 minutes showed close agreement in the four patients studied (Table III) . There was close correspondence between the absorption spectrum of ICG in a 5 per cent solution of human serum albumin and in normal human plasma (Figure 2 ). Absorption maximum was at 815 myA in both cases. The absorption spectrum of the dye in aqueous solution was distinctly different from the spectra found for the two albumin-containing dye solutions, the absorption maximum being at 790 mu. On starch block electrophoresis, ICG was found to migrate with albumin and to be bound to the other plasma proteins in only small amounts (Table IV) . Chromatographic studies carried out in three different systems showed no differences in the rate or pattern of movement of dye in aqueous solution as compared with dye which had been secreted into bile and dye which had been added to bile (Figure 3 ). Site of removal from plasma. Urine collected from five patients during a 6 hour period following the intravenous administration of ICG contained no dye. Following its intravenous injection, ICG appeared at about 8 minutes in the T-tube bile from one patient and at about 15 min- ion for 10 to 20 minutes, exhibiting falling concentrations on a straight line on semilogarithmic paper. Following that initial period, deceleration of decay occurred in all cases (Figure 4) . The approximate rate of decay, calculated during the exponential decay segment, was 18.5 per cent per minute (SD 3.1) for ICG as compared with 13.8 per cent per minute (SD 2.1) for BSP (Table  VII) .
Among the control subjects of this series, the mean BSP level 45 minutes after injection was 1.7 per cent (SD 1.2) of the initial concentration. ICG removal was so rapid that the percentage retained after 20 minutes was selected for comparison. The mean value in the normal group was 3.85 per cent (SD 1.0). When the amount of ICG injected was raised to 1 mg per kg body weight, the percentage retained at 20 minutes remained unchanged (mean, 3.9 per cent). When the dosage was further increased to 2.0 mg per kg body weight, the mean value for 20 minute retention was 4.0 per cent.
Plasma decay of ICG characteristically was suppressed in patients with cirrhosis. An example of marked defect in dye clearance is illustrated in Figure 5 . The BSP decay curve is shown on the same plot for comparison. The group of subjects with cirrhosis contained patients with widely differing degrees of liver damage (Table II) .
Rates of ICG decay in plasma of those patients, as expected, varied markedly as did decay rates for BSP (Table VII) . Average values for removal of both dyes, therefore, have little meaning in that group. The correlation "R" between initial rates of decay for the two test substances was 0.92 (p < 0.01). Two patients with cirrhosis had no clinical stigmata of that disease and showed no evidence of impaired liver function. They nevertheless had histological liver changes which unequivocally established the diagnosis of cirrhosis. If those two are excluded, the correlation is 0.91 (p < 0.01). Although the mean value for initial decay rate of ICG has a high degree of correlation with the mean initial decay rate of BSP within the group of patients with cirrhosis, there are individual cases that belie the average values (Table VII) . In most cases ICG was removed somewhat more rapidly than BSP. Two patients (MM and AV) with distinctly abnormal BSP decay curves cleared ICG in normal fashion. Two patients (AB and JL) with extreme impairment of hepatic function removed BSP more rapidly than ICG.
Both patients with infectious hepatitis had distinctly abnormal BSP decay curves but probably normal rates of removal and 20 minute levels of ICG (Table VII) . One of those patients (EG) had two repeat studies during convalescence. BSP removal showed a return to normal, while ICG removal, already within the normal range, nevertheless showed definite increase in rate of plasma disappearance.
During the course of plasma decay studies, ICG was inadvertently extravasated subcutaneously in three subjects. No ill effects resulted. Neither single nor repeated injections or infusions of ICG were associated with untoward systemic reactions.
Hepatic extraction. Stabilization of both arterial and hepatic venous levels of ICG usually occurred within 20 minutes and could be maintained for periods as long as 2 hours. Extraction rates of ICG determined at the earliest point of plasma dye stabilization varied between 0.59 and 0.83 in seven normal subjects. Estimated hepatic blood flow calculated from these data ranged from 0.70 to 1.80 L per minute per m2 of body surface area. The results of studies of hepatic flow will be reported in detail in a later communication (8) .
DISCUSSION
Indocyanine green appears to be rapidly and completely bound to plasma protein following its intravenous administration. This can be inferred from the data which show that at zero time the space occupied by the dye is about the same as that of plasma volume (Table I) . If it were not bound to a nondiffusible molecule, an appreciable amount of the dye would quickly leave the intravascular compartment. The shift which occurs in the absorption spectrum of ICG when albumin is present in solution (Figure 2 ) is evidence that the dye is bound to albumin. The similarity of the absorption spectrum of the dye in human plasma and in albumin solution, and the identity of the absorption maxima suggest that plasma proteins other than albumin are not important in the binding of ICG. These data are supported by the results of starch block electrophoresis (Table II) .
Chromatography of ICG in three different buffer systems fails to show evidence that the dye is secreted into bile in conjugated form. ICG differs in that respect from BSP which has been reported to be secreted, in part, in conjugation with one or more amino acids (9) (10) (11) (12) . The present studies further indicate that, unlike BSP, ICG is not cleared by the kidney and that peripheral tissue uptake of the dye is negligible. Renal clearance (13) and tissue uptake (6, 14, 15) of BSP are known to occur.
In normals and in most patients with cirrhosis ICG is removed more rapidly than is BSP. It appears likely, on the basis of decay characteristics of ICG in patients with cirrhosis, that the dye has good discriminative value in selecting those subjects who have a significant degree of liver disease. In the entire group of patients with cirrhosis, its sensitivity compared favorably with BSP, the correlation "R" between the initial decay rate of the two test substances being 0.92 (p < 0.01). ICG appears in a less favorable light when individual cases are examined, however, for it revealed no abnormality in two patients (AV and MM) in whom BSP decay was significantly impaired. At the same time, ICG was more strikingly abnormal in two jaundiced cirrhotics (JL and AB) than was BSP. In the two cases of viral hepatitis studied, ICG failed entirely to reflect hepatic dysfunction. At the time the dye studies were made the clinical disease was mild, and both patients had normal serum bilirubin concentrations and cephalin flocculation tests.
There are several possible explanations for the failure, in certain subjects, of the two dyes to behave similarly. First, it is known that the mechanisms whereby the two substances are handled by the liver are not identical; BSP is partially conjugated during its biliary secretion while ICG is not. There may be other differences, not recognized at present, between clearance mechanisms of the two dyes. On the other hand it may be that physiologically equivalent amounts of BSP and ICG had not been given. The dosage of 0.5 mg per kg body weight was most extensively used in these studies. On the basis of seven ICG decay curves when 1.0 mg per kg body weight had been injected, there is no indication that dye decay is different at these two dosage levels. The percentage of initial plasma dye concentration remaining at 20 minutes was the same in both cases. A dose of 2.0 mg per kg was studied in three subjects. The percentage of dye remaining at 20 minutes and the shape of the decay curve did not differ significantly from those found when ICG had been given in the two smaller amounts. Nothing is known of the toxicity of ICG in amounts exceeding 2.0 mg per kg body weight. Investigations using such large amounts of dye were therefore not undertaken.
Another explanation for the occasional disparate behavior of the two dyes lies in the fact that BSP plasma decay is partially accounted for by extra-hepatic removal, while no such extraction has been demonstrated for ICG. In hepatectomized, eviscerated dogs, 50 per cent of the initially-injected dose of BSP has been shown to be removed in 50 minutes (13) . It is likely, therefore, that in subjects with very severe liver disease extrahepatic modes of BSP removal might become very significant. In these patients ICG may be a better relative index of liver function because there is apparently no alternate means for removal.
For clinical purposes, the retained percentage of ICG, 20 minutes after a single injection of 0.5 mg per kg body weight, seems to give information equivalent to the rate of decay during the exponential portion of the plasma decay curve. In this small series, inadequate to establish norms, it appeared that 20 minute dye retention of less than 5 to 6 per cent and initial decay of greater than 15 per cent per minute were within normal limits.
If its insensitivity to minor degrees of liver dysfunction limits its practical value in the evaluation of liver disease, ICG seems to be an excellent substance for estimating hepatic blood flow by the Fick principle (8) . It is apparently extracted from the plasma exclusively by the liver. The faster decay of ICG than of BSP in some subjects with mild liver disease may mean that blood flow studies can be carried out in such persons with ICG when those studies would not be feasible with BSP because of poor hepatic extraction and excessive plasma retention of the dye. ICG extraction rates of a magnitude suitable for calculating hepatic blood flow were found in these studies.
SUMMARY AND CONCLUSIONS
Following its intravenous injection, indocyanine green (ICG) appears to be rapidly and completely bound to plasma protein, of which albumin is the principal carrier. The dye is excreted in bile in unconjugated form. It is not cleared by extrahepatic mechanisms in detectable amounts. ICG was nonirritating when inadvertently introduced subcutaneously and produced no untoward reactions upon single or repeated intravenous injections or infusions.
In normal subjects and in selected patients with liver disease, plasma decay of ICG was similar to that of sulfobromophthalein (BSP). In subjects without liver disease mean initial ICG decay rate was 18.5 per cent per minute as compared with 13.8 per cent for BSP. In patients with cirrhosis, the correlation "R" between initial decay rates of the two substances was 0.92. While patients with mild liver disease seem to remove ICG more rapidly than BSP, persons with marked hepatic dysfunction may remove BSP more rapidly than ICG.
Indocyanine green should provide a reliable means of estimating hepatic blood flow by use of the Fick principle. Its physical properties, degree of hepatic removal, tolerance by human subjects, and rapid decay even in the presence of mild liver disease make it an ideal dye for that purpose.
